INTRODUCTION
============

The core challenge in axon growth and guidance is to dissect how directed motility of the growth cone arises from the action of cytoplasmic signaling molecules in response to external cues. On the basis of studies of neurons in vitro, for many years we have focused on deterministic models of clutch-like machines thought to generate forward motion by linking actin flow in a leading lamella to the fulcrum provided by adhesive junctions formed to a rigid, underlying substratum ([@B35]).

In the accompanying paper ([@B3]), however, we have shown that a pioneer axon of *Drosophila*, TSM1, like many pioneer axons in the compliant medium of developing tissue, advances in a mode that appears to be fundamentally different: a protrusive mode of growth dependent on selective stabilization of a subset of appropriately oriented projections and disassembly of nonselected projections. It is quite unclear how, and whether, the familiar adhesive mechanisms would apply to this very different machine.

In recent years, it has come to be appreciated that cytoskeletal dynamics in general, and motility in particular, are in their essence stochastic processes with a high level of variability, most notably for single-cell processes, such as the advance of single growth cones ([@B16]; [@B31]; [@B1]). It has been shown that fluctuation, variation, noise, and the averaging of information in time and space are of the essence of single-cell morphogenetic mechanisms, as they allow efficient and reliable extraction of information even in the context of the extremely low signal-to-noise that is often found, for example, in gradients of biological signals in the complex milieu of a developing animal ([@B4]; [@B12]). In the context of directed motility, for example, this has been worked out most rigorously in bacterial chemotaxis, in which guidance arises as a "random walk with a ratchet," that is, by the imposition of a very modest, spatially oriented, statistical bias onto the probability of a biochemical process that is inherently stochastic ([@B26]; [@B37]).

This view, together with the results of the accompanying paper ([@B3]), reveals that any serious analysis of the mechanism of axon growth and guidance must be grounded in the biophysics of the actin network of the growth cone: its distribution, organization, and dynamics. With this in mind, we reasoned that the key to ascertaining the mechanism of TSM1 growth and guidance was to use high-resolution live imaging to monitor in real time the actin cytoskeleton of the advancing growth cone as we manipulate experimentally a cytoplasmic signaling module that implements axon growth and guidance signals, the Abelson (Abl) tyrosine kinase. This is a signaling network whose loss-of-function often causes axon stalling, while its overactivation can cause axon misrouting ([@B38],b; [@B5]; see also the accompanying paper, [@B3], Supplemental Figure S4)

In the current work, we show that Abl tyrosine kinase regulates the organization and redistribution of an accumulated actin bolus in the growth cone that directs the extension and guidance of the TSM1 axon by regulating the spatial localization of filopodial morphogenesis. Specifically, the distal portion of the TSM1 axon accumulates a bolus of actin that displays forward-biased spatial fluctuations, leading over time to its net advance during axon growth. Advance of the actin bolus, in turn, locally enhances the density of filopodial protrusions in the region where actin moves to and allows the disassembly of protrusions in its wake, resulting in progressive advance of the filopodia-rich domain that defines the growth cone morphologically. The redistribution of actin is itself coordinated by the Abl tyrosine kinase signaling pathway, which dynamically modulates the spatial width of the actin distribution and also minimizes its disorder, allowing predictable translocation of the growth cone. Together, these data show how Abl probabilistically shapes the propagation of a leading actin mass that directs the growth and guidance of a pioneer axon extending in its native environment.

RESULTS
=======

Advance of the accumulated actin distribution predicts the local growth and disassembly of axonal protrusions
-------------------------------------------------------------------------------------------------------------

An extensive literature exists describing the causal role of actin in the genesis and dynamics of filopodia ([@B36]; [@B18]; [@B27]; [@B9]; [@B2]). This, together with our observations of TSM1 in the accompanying paper ([@B3]), led us to hypothesize that advance of the actin mass found in the distal portion of the axon (referred to below as the "actin peak") drives processive axonal growth. To test this hypothesis, we first selected all wild-type trajectories in which the actin peak advanced at least 20 μm during the imaging session. We then quantified the protrusion density over time in a 10-μm interval centered on the initial position of the actin maximum (the starting position) and in a second 10-μm interval centered 20 µm further distal down the axon ([Figure 1](#F1){ref-type="fig"}). Consistent with visual inspection of TSM1 dynamics, we found that, after a lag phase of ∼15 min, the summed protrusion length declined by 50% ± 0.1 (mean ± SEM, *p* \< 0.001) in the region vacated by the actin peak, while at the new more distal position of the actin peak, the protrusion length was increased by 32% ± 0.1 (mean ± SEM, *p* \< 0.01) ([Figure 1A](#F1){ref-type="fig"}). The same pattern was observed in independent data sets from two other genotypes (Abl knockdown \[KD\] and Abl overexpression \[OE\]; [Figure 1, B and C](#F1){ref-type="fig"}). For comparison, a gallery of representative images from a single wild-type trajectory is shown in [Figure 1D](#F1){ref-type="fig"} (see also Supplemental Figure S1 for the same images pseudocolored by actin intensity and Supplemental Video S2 of the accompanying paper \[ [@B3]\] for the complete movie of this trajectory). Thus, displacement of the actin distribution predicts axon consolidation where actin has vacated and growth cone expansion where actin has now accumulated. In this way, advance of accumulated actin advances the growth cone and extends the TSM1 axon.

![Actin leads and predicts the advance of the axonal protrusion density. (A--C) Trajectories that achieved 20 μm of actin advance were aligned by the midpoint of the actin distribution at the start of that advance. Average protrusion length over time is plotted for a 10-μm interval centered on the midpoint of the actin distribution at the start of the actin translocation events (red and black checkered swath), and for the interval centered 20 μm distal to that start point (black and white swath). Protrusion length for each 20-µm actin midpoint translocation event analyzed was normalized to the summed protrusion length at *t* = 0; *n* = 128 time points from seven individual trajectories; mean ± SEM for each time point is plotted over time. (A) Wild type, (B) Abl KD, (C) Abl OE. (D) Gallery of images showing time course of TSM1 axon extension and actin advance (lifeact-GFP, green; and CD4 tandem tomato, red). White arrows highlight protrusions that disassemble over time as actin advances; dashed white box highlights protrusions formed in domain of high actin density. (E) The maximum of the actin distribution, as well as the leading and trailing "edges" of the distributions are plotted relative to the position of the maximum protrusion density along the axon, which is set at the origin. Significance of the offset of these actin landmark positions relative to protrusion density in each respective time point was determined by two-tailed paired *t* test; *n* = 338 time points from 14 individual trajectories, \*\*\*\**p* \< 0.0001). (F) A scatter plot of the change in the offset distance between actin and protrusion maxima in one time step vs. the change in the offset distance in the preceding time step; *n* = 338 time points from 14 individual trajectories; Pearson *r*.](mbc-31-466-g001){#F1}

The above data suggest that the anterograde displacement of the actin peak occurs before changes in growth cone morphology and extension of the axon. If this is true, on average we would expect to find the actin peak further distal along the axon in individual time points than is the peak density of growth cone protrusions. To test this prediction, we aligned all 338 wild-type time points by the protrusion maximum along the axon and plotted the position of the actin maximum, as well as the positions of the proximal and distal boundaries of the actin peak. Empirically, we found it effective to define the boundaries of the actin peak by the leading and trailing square root of the second moment of the actin distribution about the actin maximum (a measure akin to the SD of the distribution; see below and *Materials and Methods* of the accompanying paper \[ [@B3]\] for a detailed discussion of the rationale behind this definition; see also [Figure 4C](#F4){ref-type="fig"} of [@B3] for an illustration). We found that the average position of the actin maximum led the maximum of the protrusion density by an offset distance of 2.8 µm ± 0.58, (mean ± SEM, *p* \< 0.0001), with the actin peak as a whole enveloping the position of maximum protrusion density ([Figure 1E](#F1){ref-type="fig"}). Since the TSM1 axon grows at an average rate of 0.23 µm/min (as measured by a variety of metrics; see Supplemental Figure S2), this mean offset length implies that the position of the actin maximum predicts where the maximum of protrusions will be found 10--15 min later (corresponding to 3--5 time points later in our imaging), consistent with the lag observed above in individual instances of growth cone advance. Similarly, the actin peak was also found to lead the protrusion peak if we used the midpoints rather than the maxima of the two distributions as the reference point, or if we used a method employing the entire actin and protrusion distributions, rather than any single fiducial point, for the comparison. Finally, the offset distance between the actin maximum and that of the protrusion density appears to be maintained actively. We found a strong negative correlation between the rate of change of the offset distance between these two positions in pairs of successive time points (*r* = --0.50, *p* \< 0.0001) ([Figure 1F](#F1){ref-type="fig"}), which suggests that when the spacing between the actin and protrusion maxima increases or decreases in any given time step, the gap size tends to be restored during the next time point. Taken together, these data suggest that advance of the actin peak drives axon growth by directing the site of growth cone protrusion, with the offset distance between these two axonal features being a regulated aspect of axon growth.

Net forward motion of the actin distribution arises from biased, stochastic fluctuations of the distribution
------------------------------------------------------------------------------------------------------------

In light of the observation that the shape of the actin distribution is the target of guidance signaling downstream of Abl, and that the pattern of actin redistribution predicts where axonal protrusions will retract and grow, we next examined the evolution of the actin distribution itself over time in each trajectory. We found that anterograde translocation of the actin peak was not constant. Rather, both the maximum of the actin peak and its midpoint displayed extensive, seemingly stochastic fluctuations proximodistally along the axon, but with a small anterograde bias that resulted, over time, in net forward motion of the actin peak ([Figure 2A](#F2){ref-type="fig"}). This bias in the stochastic motion of these positions is evident upon tracking the positions of the front, rear, and maximum of the actin distribution over time for any single trajectory ([Figure 2A](#F2){ref-type="fig"}), or by plotting a histogram of the translocations of the actin maximum ([Figure 2B](#F2){ref-type="fig"}). Further inspection of actin redistribution patterns revealed that the position of the actin maximum largely fluctuates at each time step within the domain defined as the actin peak (i.e., the window defined by the leading and trailing square root of the second moment of the actin peak; 77% of time steps in wild type \[251/327\]). Consistent with this, we found that a broader actin peak allowed larger excursions of the maximum and midpoint, while narrow actin peaks were correlated with relatively short fluctuations of the position of the actin maximum (Pearson *r* = 0.24, *p* \< 0.0001) ([Figure 2C](#F2){ref-type="fig"}). Thus, the net effect of the actin fluctuations is that the actin distribution displays an "inchworm" style of motion, with the front of the actin peak advancing over time and the rear catching up. This can also be seen, for example, in [Figure 2F](#F2){ref-type="fig"} of the accompanying paper ([@B3]).

![Biased stochastic fluctuations of accumulated actin move the distribution forward. (A) Plot of the axonal positions of landmarks in the actin distribution from a single trajectory over time. The actin maximum (blue) and the leading (green) and trailing (black) edges of the actin distribution are highlighted. This example is representative of *n* = 14 independent trajectories. (B) Histogram of the length of excursions of the actin maximum in single time steps; *n* = 324 time steps from 14 individual wild-type trajectories. (C) Scatter plot of the absolute value of the step size of the actin maximum vs. the length of the actin distribution; *n* = 324 time steps from 14 individual wild-type trajectories; Pearson *r* correlation. (D) The magnitude of displacements of the actin maximum along the axon in LatB and DMSO-treated TSM1 neurons are presented as cumulative frequency distributions; *n* = 123 time points from seven individual trajectories (LatB) and 125 time points from eight trajectories (DMSO control). (E) Average growth rate of TSM1 axons from D, exposed to LatB or DMSO control.](mbc-31-466-g002){#F2}

Our consistent observation of inchworm-like fluctuations of the actin distribution during processive TSM1 growth cone advance in all genotypes led us to hypothesize that these fluctuations are central to the mechanism of axonal growth. To test this hypothesis, we suppressed actin dynamics by applying latrunculin B (LatB) to wing explant cultures 5 min before the start of TSM1 imaging. Lat B significantly decreased the magnitude of displacements of the actin maximum (*p* \< 0.05, KS test, *n* = 125 time points \[control\], 123 \[LatB\]) ([Figure 2D](#F2){ref-type="fig"}) and greatly reduced TSM1 growth rate as compared with the vehicle control (--0.0030 µm/min ± 0.12 in LatB vs. 0.37 µm/min ± 0.07 in dimethyl sulfoxide \[DMSO\] control; mean ± SEM, *p* = 0.024 unpaired *t* test, *n* = 7 LatB trajectories and 8 DMSO trajectories) ([Figure 2E](#F2){ref-type="fig"}). These data further support the hypothesis that spatial fluctuations of the distribution of actin are a key mechanistic component of TSM1 growth.

Actin accumulation is fragmented and advance of the distribution is unpredictable in Abl-perturbed backgrounds
--------------------------------------------------------------------------------------------------------------

The most striking consequence of Abl deregulation in individual images is fragmentation of the actin distribution ([Figure 3, A--D](#F3){ref-type="fig"}). We quantified this phenotype using a measure from information theory called the Fisher Information Content (FI), which measures the "roughness" of the actin distribution, including, for example, both short-range fluctuations of intensity (\<1 µm spatial scale) and mid- to long-range "clumping" of actin (2--20 µm scale). We find that the actin distribution profiles from Abl-perturbed axons are vastly fragmented as compared with controls (3.87 ± 0.14 in control vs. 32.67 ± 1.76 in Abl KD and 18.54 ± 1.40 in Abl OE; mean ± SEM, *p* \< 0.001 in each comparison) This suggests that one effect of Abl is to regulate the coherence of the actin distribution in the axon at any single time point.

![Abl perturbation fragments the actin distribution and disorganizes its advance. (A) Fragmentation of the actin distribution, as calculated by the FI of each actin profile in each time point, was quantified in the indicated genotypes. (B--D) Representative examples of the mean actin fragmentation phenotype for each genotype. Scale bar at bottom = 15 µm. (E) The dynamic instability of the actin distribution, as calculated by the JSD of sequential pairs of actin profiles over time (see *Materials and Methods*), was quantified in wild type, Abl KD, ABl OE, and in the UAS-Dicer2 control. For A and E, *n* ≥ 315 time points from 14 trajectories for each genotype; significance was determined by one-way ANOVA; \*\*\*\**p* \< 0.0001; n.s. = nonsignificant; error bars indicate SD. (F, H) The JSD of all pairwise combinations of the actin profiles from all time steps of one individual trajectory from each genotype was calculated and color coded and are presented as matrices. The scale for the color code is shown below. In each case, the matrix shown represents a trajectory with a mean JSD value that is approximately average for that genotype. The particular Abl KD trajectory shown here (G) happens to have more time points than the wild type (F) while the Abl OE has fewer (H), but the interval between time points is the same in all cases (3 min). (F'--H') The 3D sequential actin distribution plots that correspond to the representative JSD matrices above.](mbc-31-466-g003){#F3}

Next, we compared the actin distribution dynamics in the wild-type condition with the Abl-perturbed conditions and found that the actin distribution evolves in an orderly way from one time step to the next in wild type, but much less so when Abl is dysregulated ([Figure 3, E--H'](#F3){ref-type="fig"}, and Supplemental Videos S1--S3). The evolution of the actin distribution was quantified using another approach from information theory, called the Jensen--Shannon divergence (JSD), which calculates the dissimilarity ("divergence") of the shape of the actin distribution between pairs of time points in a given trajectory. Thus, two distributions that are very similar have very low divergence (JSD close to 0), while two distributions that are very different have high divergence (JSD close to 1). In the control condition, successive time points of any single trajectory tended to have highly overlapped distributions, and thus low JSD values, and the overlap tended to decay in an orderly way as comparisons were made to more distant time points ([Figure 3, F and F'](#F3){ref-type="fig"}). In contrast, in the Abl KD and Abl OE conditions, the overlap between nearest neighbor time points was commonly as dissimilar as that of two distributions separated by multiple time steps in the wild-type condition, as indicated by increased mean JSD values (0.17 ± 0.0039 in the control vs. 0.38 ± 0.011 in the KD and 0.29 ± 0.011 in the OE; mean ±SEM, *p* \< 0.001; [Figure 3, G, H, G', and H'](#F3){ref-type="fig"}; the cumulative distribution of JSD values for all genotypes is presented in Supplemental Figure S3, and the videos corresponding to [Figure 3, F, G, and H](#F3){ref-type="fig"}, are presented as Supplemental Videos S1, S2, and S3, respectively). These data demonstrate dynamic order in the temporal evolution of the actin distribution in each WT TSM1 trajectory, while in the Abl-perturbed conditions, that same evolution is dynamically disordered and unpredictable.

###### Video S1

Complete video of the wild type trajectory corresponding to the JSD plot of Figure 3F, and actin distribution of F\' (wild type neuron 11).

Video S1

###### Video S2

Complete video of the Abl KD trajectory corresponding to the JSD plot of Figure 3G, and actin distribution of G\' (KD neuron 2).

Video S2

###### Video S3

Complete video of the Abl OE trajectory corresponding to the JSD plot of Figure 3H, and actin distribution of H\' (OE neuron 8).

Video S3

Actin disorganization correlates with morphological phenotypes in Abl-perturbed backgrounds
-------------------------------------------------------------------------------------------

The correlation analyses and principal component analysis (PCA) in the accompanying paper ([@B3]) clearly demonstrate that Abl, the conserved mediator of signaling from many common axon guidance receptors, primarily modulates an interlinked cluster of growth cone parameters comprising actin coherence---actin fragmentation and dynamic actin instability---together with a parameter that links the actin peak back to morphology: the spatial offset between the peaks of actin accumulation and filopodial protrusion. We therefore examined in more detail the morphological correlates of the actin coherence values we have measured for TSM1. To our surprise, we found that high fragmentation of the actin distribution was associated preferentially with the shortest growth cones in Abl KD (*r* = --0.14; *p* = 0.005), but it was associated with the longest growth cones in Abl OE (*r* = 0.25; *p* \< 0.0001) ([Figure 4A](#F4){ref-type="fig"}). In the case of Abl KD, this reflected a population of very short growth cones with hypercondensed actin, that is, growth cones containing small, intensely labeled foci of actin. Data presented above showed that actin step size, that is, the distance the actin maximum (or midpoint) advances in any single time step, correlates with the length of the actin peak ([Figure 2C](#F2){ref-type="fig"}). In Abl KD, however, the growth cone often contracts beyond the lower limit observed in wild type, and the step size falls to nearly zero ([Figure 4, B and C](#F4){ref-type="fig"}). Consistent with this, Abl KD is a genotype in which we observe growth cone stalling and failure to form an axon (Supplemental Figure S4 of the accompanying paper \[ [@B3]\]; see also [@B39]; [@B5]). In contrast, in Abl OE, a genotype commonly associated with axon misrouting (Supplemental Figure S4 of the accompanying paper \[ [@B3]\]; see also [@B38]; [@B5]), maximal disruption of actin is associated preferentially with the longest actin distributions, and in particular, with distributions substantially broader than the upper limit typically observed in wild type ([Figure 4, D and E](#F4){ref-type="fig"}). These abnormally broad distributions often greatly exceed the distance over which the motions of individual actin molecules display correlated motion within a disordered actin network (decay length ∼11--16 µm; [@B24]), perhaps accounting for the failure of this genotype to respond faithfully to the distribution of guidance information in the substratum; in essence, the actin mass is so extended that actin behavior at the front of the growth cone becomes uncoupled from that at the rear.

![Actin fragmentation and distribution step size correlate with the length of the growth cone. (A) Scatter plot of the FI vs. the length of the protrusion peak for each indicated genotype. (B, C) Scatter plots of the absolute value of the actin peak step size vs. the length of the actin peak in wild type (B) and Abl KD (C). Insets expand the portion of the graphs near the origin. Note that very few wild-type time points have actin peak lengths \<10 μm (15/324 = 4.6%), whereas in Abl KD the number \<10 μm is 80/383 (20.9%), with the smallest being 3.1 μm. To facilitate comparison to the Abl KD data, B displays the same wild-type data as shown in [Figure 2C](#F2){ref-type="fig"}. (D, E) Scatter plots of the FI vs. the length of the actin peak in wild type (D) and Abl OE (E). The actin peak lengths employed in B--E represent the sum of the leading + trailing sqrt (second moment) for each image. *n* \> 300 time points from 14 individual trajectories for each genotype; Pearson *r* correlation.](mbc-31-466-g004){#F4}

Given the hypothesis that increase versus decrease of Abl activity modifies actin structure at different spatial scales, and that the definitive morphological consequences of Abl arise from that spatial dichotomy, it was essential to validate this hypothesis with a more direct measure of the effect of Abl on the structure of the growth cone actin distribution at different length scales. To this end, the actin profile along the axon was analyzed by wavelet transformation. This method separates the contributions of different length scales to the overall pattern of actin accumulation. Consistent with the hypotheses above, when we compare the amplitudes of wavelets of different order, we found that Abl KD produces a large increase in the representation of the highest-order wavelet terms, that is, those corresponding to accumulation of clusters of dense actin foci at the smallest length scales (particularly sixth and seventh orders, corresponding to lengths \<4--8 μm; [Figure 5](#F5){ref-type="fig"}). In contrast, Abl OE selectively leads to increased representation of features on large length scales (order 4, corresponding to features in the size range of ∼16--32 μm; [Figure 5](#F5){ref-type="fig"}). These data confirm that Abl manipulations alter the spatial distribution of actin in ways that correlate with the coherence of the growth cone, such that reducing Abl activity causes condensation of actin on short spatial scales, while activating Abl produces actin expansion on a broader length scale. The potential molecular basis of these length-dependent changes in actin organization, and the mechanism by which they may account for the patterns of axon growth, will be considered in detail in the *Discussion*.

![Wavelet analysis reveals the effect of Abl on the length scale of the spatial distribution of actin. Decomposition of individual actin distributions by wavelet transformation reveals the relative contribution of different length scales (orders) to the overall actin pattern in each distribution. Values reported are ratios of Abl KD or Abl OE to wild type, as indicated. Eighth and ninth order wavelet amplitudes are confounded by the spatial granularity of the image segmentation, and first and second orders reflect the residuals of the low pass filter; therefore, these are not shown. Scale at the bottom shows the approximate length scale represented by the indicated wavelet order.](mbc-31-466-g005){#F5}

DISCUSSION
==========

What is a growth cone, and how does it extend an axon? We have shown here that a local accumulation of actin in the distal axon generates the zone of enhanced protrusive dynamics that defines the TSM1 growth cone. Over time, this actin bolus advances down the nascent axon, supporting formation of new filopodial protrusions from leading intervals now bearing enhanced actin levels, thus enabling extension of the axon. Protrusions left behind in the wake of actin advance are disassembled, thus consolidating the proximal axon. Inchworm-like dynamics advance the actin mass through an anterograde bias that moves the distribution forward over time. Furthermore, our data demonstrate that Abl tyrosine kinase, a conserved regulator of cytoskeletal dynamics that signals downstream of many guidance cue receptors, coordinates the actin fluctuations that, in aggregate, produce the net forward motion of the distribution. Taken together, our data suggest that the fundamental function of Abl during axon extension and guidance is to modulate, in a probabilistic way, the fluctuations and the coherence of the advancing actin wave that directs the construction and consolidation of the growing axon and to do so in response to guidance cues ([Figure 6, A and B](#F6){ref-type="fig"}), as we explain below.

![Model of actin driven axon extension and consolidation. (A, B) Models of actin-driven axon extension and consolidation. (A) Accumulated actin mass in the distal axon fluctuates in size, transiently invading growth cone protrusions. (B) Selective accumulation of actin in a more distal axonal protrusion advances the distribution and triggers the emergence of nascent protrusions in that region (green arrows), while proximal regions no longer bearing enhanced levels of accumulated actin undergo disassembly of protrusions (red arrows).](mbc-31-466-g006){#F6}

Axon growth and guidance occurs by directed advance of a domain of filopodial dynamics in the distal axon. In these two papers ([@B3]), however, we have shown that guidance signaling, as channeled through Abl, does not act by materially altering the morphological properties of the growth cone themselves, but rather by changing the spatial distribution of *where* those morphological properties are displayed, and that this is mediated via the Abl-dependent dynamics of actin. In particular, the PCA analysis in the accompanying paper ([@B3]) reveals that while the range of morphological states (VM2 component axis) is largely insensitive to Abl and statistically unlinked to growth cone advance, the VM1 axis is strongly Abl dependent and linked consistently to the velocity of the actin peak. This VM1 component comprises actin organization and dynamics, as well as the spatial offset between the peaks of actin and filopodia. In the current paper, we have shown that it is this offset that is the driving force for advance of the dynamic filopodial domain, which follows behind the advance of actin, both spatially and temporally. In essence, the advancing actin peak directs processive axon growth by locally promoting assembly of potential axonal tracks ahead of the growth cone, while the axon cannibalizes filopodia that lag behind the actin peak, and correspond to axonal paths that were not taken. Our observation that the actin distribution acts upstream of morphology, locally regulating filopodial extension and maintenance in growing TSM1 axons, accords well with an extensive literature in vivo, in vitro, and in silico that demonstrate the causal role of actin organization in orchestrating filopodial dynamics ([@B36]; [@B18]; [@B27]; [@B9]; [@B2]).

Growth cone advance has often been discussed by invoking deterministic, clutch-like mechanisms that harness the adhesive properties of leading lamellipodia ([@B21]; [@B23]; [@B25]). For some neurons, particularly those extending axons on relatively rigid, highly adherent substrata, these models provide a plausible explanation for axon growth. However, TSM1 and many other axons are nonlamellar, particularly in compliant, 3D environments like those often encountered by pioneer axons in vivo ([@B29]; [@B33]; [@B6]; [@B34]). Here, growth cones are often dominated by filopodial protrusions and seem to lack the large veil-like structures that we associate with adhesive growth. Moreover, growth of these axons appears to be accomplished by protrusion and selective stabilization of filopodia, rather than by traction forces applied to the lamellipodia-like veils between filopodia ([@B29]; [@B33]). We show here that this protrusive growth employs a mechanism that is probabilistic rather than deterministic and is based on the statistical properties of disordered actin networks in that net forward motion of the actin peak arises from a small spatial bias that is applied to the fluctuating actin distribution. These contrasting styles of axon growth are reminiscent of the dichotomy between adhesive cell motility on rigid 2D substrata versus protrusive cell motility in compliant 3D environments. They also add support to the notion that the mechanisms of motility employed by cells are not fixed, but are instead dependent on the context of their environment.

One key requirement for producing axon extension by exploiting fluctuations of the actin distribution is that the forward expansion of actin must be large enough to advance the actin bolus appreciably, yet constrained enough that the actin remains coherent and the growth cone behaves as a single, unitary entity. We see here that balancing these two competing requirements is the fundamental role of Abl tyrosine kinase. It is well established that signaling by Abl must be maintained at an intermediate level to support proper growth and guidance of axons ([@B15]; [@B11]; [@B10]; [@B22]; [@B28]). Our data indicate that this intermediate level is crucial for two reasons. First, it minimizes the disorder of the actin distribution as assayed both instantaneously by the FI of the actin profile at each time step and also dynamically by the JSD analysis of the evolution of the distribution between time steps. Second, we see that Abl regulates the width of the actin peak. This is observed most clearly in the Abl perturbations, where reducing Abl promotes condensation of the actin mass while increasing Abl promotes expansion of the peak (Supplemental Figure S4, also see accompanying paper \[Clarke *et al*., 2020\] Figure 5D). In the most severely affected time points of Abl KD and OE, these effects on peak width and actin order are likely to be responsible for the overt mutant phenotypes we observe. Abl knockdown causes the actin bolus to hypercondense and fragment into small, tightly packed foci that show reduced spatial motion ([Figures 2, C--E](#F2){ref-type="fig"}, and [4, B and C](#F4){ref-type="fig"}). Since expansion of the distribution provides the forward motion required for inchworming, it is plausible that failure of that expansion in the Abl KD condition is responsible for the growth cone stalling observed in this genotype. Conversely, OE of Abl causes the actin distribution to expand excessively, often to the degree that the peak exceeds the characteristic decay length over which the motions of individual actin molecules remain correlated within disordered actin networks (∼11--16 µm) ([@B24]). In essence, the actin peak becomes so broad that the front of the peak becomes statistically uncoupled from the back. This likely contributes to the preferential fragmentation we observe of the broadest actin peaks in the Abl OE condition ([Figure 4E](#F4){ref-type="fig"}) and plausibly could predispose to axonal misrouting and inappropriate axon branching. The two key functions of Abl, minimizing disorder and controlling distribution width, are closely intertwined; in the Abl KD condition, the tendency is for the smallest growth cones to drive measures of disorder, while in Abl OE, it is the broader growth cones that preferentially show signatures of disorder ([Figure 4, A, D, and E](#F4){ref-type="fig"}). Note that these data also reveal that while decrease and increase of Abl both cause disruption of the actin distribution (increase in FI and JSD), they do so in opposite ways, with Abl KD causing overrepresentation of short-range actin concentrations and Abl OE causing broad separations of actin masses ([Figures 4, B--E](#F4){ref-type="fig"}, and [5](#F5){ref-type="fig"}).

Our model of growth cone behavior is derived partly from vigorous perturbations of Abl, but our goal is to understand the modest modulation of Abl by guidance receptors. The correlation and PCA studies in the accompanying paper ([@B3], [Figures 6](#F6){ref-type="fig"} and 7), however, demonstrate that the relationships among actin and morphological parameters in the Abl-manipulated contexts are a faithful mirror of those relationships in wild type; they display the same morphological properties, but are subject to a quantitatively exaggerated intensity of actin inputs. Therefore, we infer that the modest decreases and increases of Abl activity produced by guidance receptors in wild-type development modulate actin condensation and expansion similarly to what we see experimentally, albeit to a more measured extent. Hence, we would predict, for example, that a guidance cue that enhances Abl activity, such as Netrin acting through DCC/Frazzled ([@B8]; [@B30]), would promote expansion of the actin domain, and thus bias growth, in the direction of greater cue concentration, while local accumulation of a cue that leads to reduced Abl activity, such as Delta acting through the receptor Notch ([@B5]; [@B17]; [@B13]), would locally promote condensation of the actin and therefore focus future proliferation of filopodia from the vicinity of that accumulation. Similarly, by this model it is straightforward to see why the subcellular localization that has been observed for some guidance receptors within subregions of the growth cone ([@B32]) might be essential for them to promote either axon extension or retraction, respectively, or how a single receptor could be switched between attraction and repulsion simply by changing the polarity of its distribution in the growth cone.

A crucial mechanistic question raised by our experiments is how varying the level of Abl activity produces changes in the length of the actin peak. We have shown recently that the structure of the Abl signaling network intrinsically causes it to modulate the ratio of linear versus branched actin within the cell ([@B14]). Thus, activating Abl suppresses Enabled, a factor that extends linear actin, but stimulates the Trio, Rac1, WAVE/SCAR, Arp2,3 axis that leads to actin branching. Suppressing Abl activity has the opposite pair of effects. Remarkably, recent studies have demonstrated that simply altering the ratio of linear versus branched actin in a disordered network is sufficient to alter network dimensions in just the way we observe in TSM1([@B20]; [@B7]; [@B24]). Thus, manipulations that increase the proportion of unbranched, linear actin in a moderately cross-linked actin network favor coalescence of the distribution, while those that produce increased network cross-linking, such as a higher proportion of branched actin, tend to expand the network. These consequences of actin network modulation are consistent with the data presented here, which show that the Abl KD condition (which increases Ena activity) causes growth cones with short, hypercondensed actin distributions to be overrepresented, while in the Abl OE condition (which increases activity of Rac/WAVE), growth cones with longer, extended actin distributions are overrepresented ([Figure 5](#F5){ref-type="fig"} and Supplemental Figure S4; see also [Figure 5C](#F5){ref-type="fig"} of the accompanying paper \[ [@B3]\]). Preliminary computational simulations in our lab further support this view and suggest detailed molecular mechanisms to account for the source of these effects (A. Chandrasekaran, G. Papoian, and E.G., unpublished observations). Therefore, it is possible that the effects of Abl on the actin distribution, and thus on morphological growth and guidance, could be accounted for simply by the demonstrated biochemical effects of Abl on pathways leading to branched versus linear actin. This conjecture will be investigated experimentally in future studies, particularly by imaging TSM1 as we modify the activity of Ena and Rac.

It is well established that Abl has other roles aside from regulating actin extension and branching, such as regulation of the microtubule plus-end tracking protein Orbit ([@B19]). Our data do not exclude, for example, the idea that Abl-dependent interactions of actin with microtubules could contribute to the forward bias of actin fluctuations. Moreover, in this analysis, we have tracked the bulk distribution of actin. The motions of individual actin molecules remain unknown. Evolution of the actin distribution presumably incorporates actin polymerization, branching, cross-linking, diffusion, myosin contractility, active transport, and bulk flow of actin, among others. Future experiments will aim to separate the individual contributions of these processes.

The mechanism of axon growth we observe here is energetically expensive, with only ∼5--15% of the total back-and-forth motion of the actin peak being captured in net advance of the actin mass. This mechanism, however, allows extremely efficient use of guidance information. The fluctuations of the actin peak cause it to repetitively sample leading and trailing positions along the axon many times before moving irrevocably along its trajectory. Thus, any single large-scale displacement of the actin peak typically integrates a minimum of 40--60 min of back-and-forth fluctuations ([Figure 2, A and B](#F2){ref-type="fig"}, of this paper and [Figure 2](#F2){ref-type="fig"}F of the accompanying paper \[ [@B3]\]). We propose that this is useful and probably essential for responding accurately to the shallow, often noisy gradients of individual guidance cues, which are typically presented in complex combinations. In this sense, the mechanism we have found is most akin to the mechanism of bacterial chemotaxis, in which external attractants and repellants provide only a subtle spatial bias to essentially stochastic fluctuations of the motility machinery, relying on a "random walk with a ratchet" to produce net guidance ([@B26]; [@B37]). A corollary to this, of course, is that no single time point determines future development. Even in wild type, the actin peak can and often does transiently fragment, recede, or invade nonpreferred projections before eventually converging on the genetically designated trajectory. Additionally, we note that these actin fluctuations survey all growth cone protrusions---off-axis lateral projections as well as on-axis extensions of the axon shaft---thereby allowing growth cone turning to derive from the same machinery as does linear extension of the axon.

The wave-like, anterograde propagation of an actin distribution, which is regulated by the conserved Abl tyrosine kinase and which probabilistically localizes the site of filopodial dynamics, represents a novel mechanism of motility that drives the extension and guidance of TSM1 in the intact *Drosophila* wing. This style of growth expands our understanding of the fundamental mechanisms used by neurons to build neural circuits and reveals a novel molecular and cellular mechanism for Abl, one of the central regulators of cell morphology and neural wiring.

MATERIALS AND METHODS
=====================

Drosophila stocks
-----------------

*Drosophila* stocks are the same as for the accompanying paper ([@B3]).

Imaging methods, data extraction, and image data set
----------------------------------------------------

All methods of imaging, image segmentation and tracing, and data extraction were the same as for the accompanying paper ([@B3]). The wild-type, Abl KD, and Abl OE data sets were the same as those used in the accompanying paper ([@B3]).

Quantification of protrusions in response to actin distribution translocation
-----------------------------------------------------------------------------

To quantify the effect that actin advance has on local axonal protrusion, we summed the length of protrusions in a 10-µm interval surrounding the midpoint of the actin distribution at the start of a 20-µm translocation and in a 10-µm interval surrounding the endpoint of the translocation (MATLAB).

Pharmacology: actin disruption by LatB
--------------------------------------

LatB suspended in DMSO was added to 5 ml of culture media for a final concentration of 10 µM LatB/0.1% DMSO in explant wing cultures 5 min before imaging. Cultures were imaged as described in the accompanying paper ([@B3]).

Wavelet analysis of actin distributions
---------------------------------------

The Daubechies type 4 (D4) wavelet transformation, modified to properly account for the profile boundaries, was used to extract and quantify the intrinsic frequency components of the actin distributions according to the formulas

where *NB* = the binned actin intensity profile, *n* = 1, 2, ... *NB*/4, *c~m~* specifies the low pass filter components, and *d~m~* specifies the high pass filter components. For each actin distribution intensity profile, the intensity data were binned in one of two ways: 1) *NB* = 512 with bin width = 0.25 μm and 2) *NB* = 2048 with bin width = 0.06 μm. For each distribution, bins overlapping the end of the axon were padded with zero to prevent edge effects.

Statistics, reproducibility, and data and code availability
-----------------------------------------------------------

Statistics, reproducibility, and code availability are as described for the accompanying paper ([@B3]). In brief, all statistical tests and their respective parameters are reported in the text and figure legends. Sample randomization was not relevant. In-focus samples were excluded only if the absolute intensity of fluorescent signal was too low for quantification or if at the time of initiating imaging 1) there was no axon visible in the vicinity of the normal trajectory, or 2) the axon showed no evidence of dynamics (i.e., the cell seemed dead). Trajectories were terminated if the TSM1 growth cone went out of the plane of focus or fasciculated with the L3 nerve, or after 90 min of imaging. Blinding was not relevant as all analyses were done with a computational pipeline. No formal power analysis was done to determine sample size prior to initiating experiment; retrospective leave-out analyses demonstrated that all reported observations were robust to final sample size. Numerical data for all figures are included in Supplemental Datasheet 1. MiPav plug-in code for extraction of actin intensity profiles has been incorporated and released in the publicly available National Institutes of Health (NIH) image analysis package package, MiPav. MATLAB and Mathematica scripts are available on the publicly accessible NIH website: <https://data.ninds.nih.gov/EGiniger/clarke/index.html>.

Supplementary Material
======================

###### 

Click here for additional data file.

###### 

Click here for additional data file.
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